embryos in which internal structures are more readily the cellular layer of the embryo ( Figure 1F ). Thus, the droplet population exhibits three distinct phases: phase seen, but little is known about the klar gene and its function.
I (syncytial blastoderm), corresponding to peripheral distribution ‫54ف(‬ min); phase II (beginning of cycle 14 until the end of cellularization), corresponding to basal Results accumulation ‫55ف(‬ min); and phase III (gastrulation), corresponding to apical redistribution ‫02ف(‬ min). BeThe Distribution of Lipid Droplets Is Regulated Several lines of evidence suggest that lipid droplets are cause lipid droplets are quite refractile and therefore scatter light, their movements generate global changes transported by motors along microtubule (MT) tracks. First, during cycle 14, MTs extend radially inward, in in the opacity of embryos. During phase II, yolk vesicles and lipid droplets draw back from the periphery, leaving basal-apical directions, coincident with droplet tracks (Fullilove and Jacobson, 1971) . Second, a kinesinin their wake a transparent zone ‫53ف‬ m deep (cytoplasmic clearing). By phase III, the embryo becomes ␤-galactosidase fusion protein that localizes to the plus ends of MTs in a variety of Drosophila cells (Giniger et opaque again as droplets shift apically (clouding). We quantified redistribution during phase II by scoring al., 1993) is redistributed during the syncytial blastoderm stage, moving from an initially uniform distribution (Fig- the number of lipid droplets at various distances below the embryo surface by electron microscopy. In cycle ure 1A) to a zone of high accumulation 35-40 m below the surface ( Figure 1B ). This result confirms that MTs 12 embryos, near the transition from phase I, droplets formed a broad, bell-shaped distribution, peaking betraverse the entire region over which saltatory transport has been observed (Foe and Alberts, 1983) , with their tween 18 and 30 m beneath the surface (Figures 2A and 2E) . For embryos in mid-phase II, when apical replus ends located more centrally. Third, lipid droplet motion is first detected when cell nuclei (and associated gions have been depleted of most of their lipid droplets, the region between 30 and 42 m displayed a prominent centrosomes) reach the surface but ceases during syncytial mitoses, when cytoplasmic MTs are disassembled peak (Figures 2B and 2F) . At maximal clearing, by the end of cellularization at the transition to phase III, the prior to the formation of spindles (Foe and Alberts, 1983 ; our unpublished data). Fourth, drugs that specifically distribution peak had shifted to the zone between 42 and 48 m, with the majority of lipid droplets being destabilize MTs abolish saltatory movement of droplets almost immediately (Edgar et al., 1987) . Finally, it seems found in the yolk sac, outside the newly formed cells (Figures 2C and 2G) . The average distance of droplets unlikely that droplets could be driven by the polymerization or treadmilling of MTs, because polymerization from the surface increased roughly 10 m during phase II. Because cell-yolk sac connections remain intact for rates ‫03-02ف(‬ m/min in Xenopus egg extracts; Parsons and Salmon, 1997) are too slow to account for observed some time thereafter (Rickoll, 1976) , droplets remain free to move more apically during phase III. Although droplet speeds in excess of 1 m/s.
The whole droplet population shifts dramatically durthe total number of lipid droplets varied somewhat from embryo to embryo, we observed no systematic change ing early embryogenesis. At the beginning of the blastoderm stage, droplets are found throughout the periphery in number with age, implying that redistributions occur via movements of existing droplets. ( Figure 1C ). Droplets visibly clear from the most peripheral zone after nuclei complete four additional rounds Lipid droplets cleared at nearly all distances from the periphery simultaneously but initially cleared more exof division, and the embryo enters cycle 14 ( Figure 1D ). By the start of cellularization, most droplets are found tensively from apical than from basal regions, resulting in transient increases of droplet populations in central in a band surrounding the central yolk ( Figure 1E ). Basal accumulation is reversed during the first 15 min of gascompartments. These data exclude certain models of bulk droplet transport. Droplets are not carried basally trulation, as droplets become redistributed throughout by a bulk flow of cytoplasm, because in that case their motion: (1) the persistence time, the average amount of time spent during segments of travel exclusively in either spatial distribution would be expected to change little with time (and in any case, bulk flow cannot accommothe plus end (basal) or minus end (apical) direction, defined as Ͻt ϩ Ͼ or Ͻt Ϫ Ͼ, respectively, (2) the average date purely centripetal movement), nor are they swept inward by a moving sieve, for example, by a network of distance traveled during these segments in either direction, defined as Ͻd ϩ Ͼ and Ͻd Ϫ Ͼ, and (3) the average cytoskeletal fibers, because removal of droplets from apical regions would then precede transport in more velocity maintained during these segments, defined as Ͻv ϩ Ͼ and Ͻv Ϫ Ͼ, and computed as a weighted mean basal zones.
( Table 1 ). Because few, if any, droplets remained stalled for significant periods of time, the population is charac-
Droplet Kinetics Explain Changes in Bulk Distributions
terized by the net difference between apical and basal segment motions. One can then derive a bulk displaceIs it possible to understand global transport from microscopic droplet behavior? To address this question, we ment rate, B, which provides an estimate for the overall flux of droplets (Table 2) . To illustrate, we compute B for developed a novel preparation to visualize and track individual lipid droplets at nanometer scale resolution. the wild type in phase II. Subtracting the mean distance traveled by droplets moving apically, Ͻd Ϫ Ͼ ϭ 1092 nm, Single embryos at defined stages of development were dechorionated, placed on a glass microscope slide, and from the mean distance traveled moving basally, Ͻd ϩ Ͼ ϭ 1495nm, yields a round trip distance of 403 nm. covered with halocarbon oil (Experimental Procedures). Embryos were then flattened between a cover glass and
The average such round trip takes Ͻt ϩ Ͼ ϩ Ͻt Ϫ Ͼ ϭ 7.11 s. Dividing the distance by time yields a bulk flux, B, of the slide, with the degree of compression being carefully controlled by spacers, to a final thickness of roughly 50 ‫75ف‬ nm/s (3.4 m/min) in the basal direction. The signs of fluxes computed from microscopic observations corm. This flattened preparation preserves the approximate geometry of the original embryo and supports vesirectly predict the direction of all the fluxes observed: minimal shifts during phase I, net inward displacement cle motion up to 2 hr, ex vivo. The overall thinness of the preparation makes it well-suited for high numerical during clearing, and net outward displacement during clouding. aperture (double oil immersion) optics, in combination with VE-DIC microscopy, affording the best possible Which microscopic parameters are modulated to cause the lipid droplet flux to change during the various spatial resolution during observations.
In general, droplets were selected for subsequent phases? The difference between apical and basal accumulation is largely determined by the basal persistence quantitative analysis from videotape recordings by eye; these tended to undergo sustained movement with contime, Ͻt ϩ Ͼ (Table 1 ). In particular, the switch from basal transport in phase II to apical transport in phase III siderable variation in speed (peak speed being several fold larger than average speed, up to roughly 1.5 m/s stemmed largely from the nearly 2-fold drop in genes might therefore be recognized by altered opacity small, refractile particles (Svoboda and Block, 1994a; Visscher et al., 1996) . By attaching kinesin proteins to in affected embryos. klar is one such mutant (Wieschaus uniform microscopic beads, optical tweezers have been and Nü sslein-Volhard, 1986): klar embryos are more used to measure the elementary steps and forces protransparent, but the underlying cellular defect has not duced by single motors moving along MTs in vitro (Svobeen characterized. boda et al., 1993; Svoboda and Block, 1994b) . Optical The klar phenotype is most apparent during phase III tweezers can also be used to exert forces on refractile of transport. Embryos laid by females homozygous for organelles inside living cells (Ashkin et al., 1990) . We presumptive null alleles of klar (termed "klar embryos", have adapted this approach to quantitate the forces here) are unusually transparent from gastrulation onpowering lipid droplet transport in preparations of flatward ( Figures 3A and 3B ). The lipid droplets of such tened Drosophila embryos. Calibrations were accomembryos were concentrated in the yolk sac ( Figure 3D ), plished using a variation of the "escape force method" rather than distributed throughout the cellular layer, as ( Figure 4A ; Experimental Procedures). At a given laser in wild type ( Figure 3C ), because during gastrulation, power, only a fraction of droplets are stopped: those basally accumulated droplets spread apically to only a that escape are pulled by motors exerting forces greater minor degree (data not shown). During phase II, klar than those applied by the trap. For each developmental embryos were indistinguishable from wild type, as phase and genotype studied, the fraction of lipid dropjudged by video analysis of living embryos (Figures 3E lets escaping from the trap was scored as a function of and 3F), lipid droplet staining (Figures 3G and 3H) , and laser power. Beyond some critical laser power, F c , all electron microscopy ( Figures 3I, 3J , 3K, and 3L).
droplets become stalled. The relationship between laser However, higher resolution video recordings from inpower and the proportion of organelles escaping the tact klar embryos, as well as measurements in flattened trap was used to estimate the mean stall force, F st , for preparations, revealed a severe impairment of motion:
lipid droplet motion (Experimental Procedures). during all three phases, droplets moved less frequently
In wild-type embryos, the mean droplet stall force and less vigorously than in wild type. This difference is varied markedly with the developmental stage (Figures particularly evident in phase II, where the basal and 4B and 4C). From 3.3 pN during phase I, F st increased apical velocities and travel distances are less than half to 5.5 pN in phase II, then returned to an intermediate that of the wild type (Table 1) . In both phases, Ͻt ϩ Ͼ is level of 4.7 pN during phase III. Despite this developsignificantly larger than Ͻt Ϫ Ͼ, tilting the balance toward mental variation, the forces were nearly the same for a net basal flux, which prevents reclouding in mutant droplets escaping in either the apical or basal directions. embryos.
At any given laser power, the percentage of droplets klar mutations affect lipid droplet transport, but video stalled in either direction was the same to within the and electron microscopic analysis revealed no defects standard error of the measurement, typically about 5% in cellularization and gastrulation or altered distributions (data not shown). The klar mutation, in contrast, generof embryonic nuclei, yolk vesicles, or mitochondria. In ated comparatively low stall forces, 1.2 pN, that were particular, during phase II the kinesin-␤-galactosidase independent of the direction of movement and did not fusion protein accumulated basally, just as in wild type change with the developmental stage. (data not shown), indicating that the polarity of MT tracks was undisturbed. Although eye development is disrupted (see below), mutant embryos nevertheless de- of MTs (Table 3) . In klar embryos, however, the lateral displacement was the same for both directions of travel.
Plus and Minus End Motion May Rely on Different Motors
Kinesin molecules move along linear tracks parallel to ments for the droplets in our preparations. In wild-type development allow one to study concomitant changes in motor properties. Working in semiintact preparations entails certain limitations. For example, there are larger uncertainties in force and position than for work in vitro, and the molecular components are numerous and largely undefined. In particular, we do not yet know which molecular motors power lipid droplets. However, because genetic and molecular analysis is well-developed in Drosophila, it should be possible in the future to characterize the components of this transport system, for example, by investigating the effects of mutations in MT motor proteins (Saxton et al., 1991; Gepner et al., 1996) .
One particular strength of this system is that we can link local and global aspects of transport. Is the bulk flux inferred from microscopic observations sufficient to account for the change in global droplet distribution? The periphery of phase II embryos clears within 40 min, with the major decrease in opacity occurring in just 10 min. The droplet population as a whole shifts basally through roughly 10 m during phase II, yielding an aver- lated flux rate of 3.4 m/min for phase II is more than sufficient to accommodate this global redistribution and suggests that factors other than the mobility of individual droplets may limit bulk transport, for example: the klar Mutations Disrupt Nuclear Migration rate with which MTs regrow after mitosis 13, the slowing As well as impairing lipid droplet motion, klar mutations of transport as lipid droplets pile up basally, or the interdisturb eye development. In third-instar eye discs, stainference from yolk vesicles that accumulate to high dening for the nuclear antigen Elav showed that photorecepsities in the basal-most region. tor nuclei were mispositioned along the apical-basal
The calculated bulk flow is also of sufficient magniaxis. In the wild type, nuclei are normally positioned in tude and appropriate direction to account for droplet clusters near the apical surface of the eye disc ( Figure  population shifts in all other stages examined. In wild-5A), whereas in klar, few such nuclei remained in apical type phase III embryos, apical fluxes are consistent with regions. Instead, most nuclei were found near the basal clouding behavior; in klar phase III embryos, basal flux surface, and a number had even migrated into axons of prevents this clouding. the optic stalk ( Figure 5B) . In cross sections of adult klar eyes, the rhabdomeres of many photoreceptor cells were either misshapen or missing altogether (data not Forces In Vivo shown). Mutations in the marbles gene (marb) cause a Our measurements permit quantitation of changing mosimilar mislocalization of nuclei and also produce mistor forces during development. Mean stall forces apshapen rhabdomeres (Fischer-Vize and Mosley, 1994) .
peared to be quantized in discrete multiples of about Deletion analysis mapped klar close to marb, and all marb 1.1 pN ( Figure 4C ). What could be the basis for this alleles we examined (marb CD4 , marb BX3 , and marb
BP3
) had phenomenon? Assuming that the applied load were disadditional defects in lipid droplet transport. Furthertributed equally among multiple motors, and that these more, klar and marb alleles failed to complement one acted independently, one would expect the stall force another, both for the adult eye and droplet transport for two motors to be double that of a single motor, defects (data not shown). We conclude that marb and subject to simplifying assumptions about the motor duty klar represent the same gene.
cycle, discussed below (see Model). In support of this, preliminary experiments with silica beads carrying limiting amounts of squid kinesin protein moving on microDiscussion tubules in vitro suggest that the stall force for two kinesin molecules is indeed double that of one (S. M. B., K. In vivo organelle transport has previously been investigated in a variety of systems where vesicle motion perVisscher, and M. J. Schnitzer, unpublished data). Consistent with this picture, klar droplets, with a stall force sists for minutes to hours (Brady et al., 1985; Schliwa et al., 1991; Thaler and Haimo, 1992 ; Hamm-Alvarez et near 1.2 pN, could carry one active motor (ϽnϾ ϭ 1); phase I droplets, three active motors (ϽnϾ ϭ 3); phase al., 1993). Our ex vivo approach continues in this tradition but allows genetic analysis as well. Additionally, III droplets, four active motors (ϽnϾ ϭ 4); and phase II droplets, five active motors (ϽnϾ ϭ 5). Empirically, there the stereotyped changes in transport that occur during is a linear relationship between stall forces and presumed motor number, with the unconstrained line fit passing through the origin ( Figure 4C ).
The "unit motor" producing a unitary force of 1.1 pN could, of course, represent either a single motor molecule or a complex of several motors acting in concert. A unitary force of 1.1 pN seems somewhat low compared to the 4-6 pN measured for squid kinesin in vitro (Svoboda and Block, 1994b) . Lipid droplet motors may be less powerful, or active motors may display different behaviors in vivo and in vitro. An earlier force measurement of vesicle movement in Reticulomyxa also reported lower values than those found for kinesin ‫6.2ف(‬ pN per motor, but with an uncertainty of a factor of 2-3; Ashkin et al., 1990).
Persistence Control
Lipid droplets appeared to be in constant motion, remaining stationary for negligible times. Their bulk trans- changed. Instead, changes in droplet flux seemed to be governed mainly by changes in the persistence time, specifically that of droplets moving basally. To control and MT correlated with polarity. The simplest explanathe persistence time, either the number of motors or the tion for this difference is that there are distinct plus and enzymatic activity of individual motors could be altered. minus end-directed motors, which either differ in size, Attaching multiple motors to droplets would have the affecting the length of the linkage between the MT and effect of increasing the persistence time by raising the droplet, or differ in the ways in which they proceed along probability that at least one motor remained bound. The the MT surface lattice. A bidirectional motor cannot be basal persistence measured in the wild type is consisruled out, however, provided that its properties changed tent with this proposal, assuming that changes in force sufficiently with directional polarity. For now, the leading do indeed result from changes in motor number: the candidate for the apical (minus end-directed) motor is persistence time is longest in phase II (five motors), a cytoplasmic dynein, primarily because this is the only shorter in phase III (four motors), and shortest in phase minus end-directed motor known to generate velocities I (three motors). However, this correlation is not obup to 1.5 m/s, similar to those observed. Moreover, served in klar embryos or in apically directed movement the increase in lateral displacement observed during in wild-type embryos. Thus, changes in force and preapical motion is roughly comparable to that measured sumed motor number cannot be the only factors affectfor cytoplasmic dynein in vitro, which wanders over the ing the persistence time.
MT surface lattice (Wang et al., 1995) , in contrast with native kinesin, which tracks strictly along single MT protofilaments (Gelles et al., 1988; Ray et al., 1993) 
(ExperiCoupling of Motion in Opposite Directions
Several lines of evidence suggest some form of coupling mental Procedures). Both the velocity and the reduced lateral displacement associated with basal motion are between apical and basal motion. First, the apical and basal unitary forces are of equal magnitude. Second, consistent with a kinesin or kinesin-related protein (Gelles et al., 1988; Wang et al., 1995) . apical and basal stall forces tend to change together, preserving a rough balance of forces. Third, in klar embryos, stall forces are reduced in both directions. Such Model One of the challenges of employing multiple motors is tight coupling could result if both basal and apical transport relied on a single, bidirectional motor. A bidirectheir coordination. If motors had a short duty cycle, producing force during only a tiny fraction of the time tional motor has been proposed for Reticulomyxa, where a dynein-type complex is thought to be responsible for they are moving on MTs, it would be necessary to have some means of synchronizing their activity in order for fast ‫5.9ف(‬ m/s) transport of organelles in both the anterograde and retrograde directions. The alternate their individual forces to summate. To avoid a tug-of-war situation, motors of opposite polarities may not remain possibility is that entirely different motors subserve the motions in either direction but that these motors are continually bound and active on the surfaces of vesicles. We hypothesize that the Klar protein solves these kinds coordinately controlled and have similar properties.
The change in lateral displacement of wild-type dropof problems in the wild type by establishing a tightly coordinated complex of motors ( Figure 6A ). lets when moving in opposite directions suggests a change in the physical interaction between the droplet Several lines of evidence suggest that coordination breaks down in the absence of Klar ( Figure 6B ). The cargo. In the other, nuclei are fastened to the MT network through an MTOC, and dynein anchored in the cytodifference in lateral displacement between motions in the apical and basal directions disappears in klar emplasmic membrane reels in the nuclei by translocating the MTs, also promoting their depolymerization in the bryos. Next, the anticipated competition between motors of opposite polarities in klar embryos might be exprocess. If the first mechanism operates in photoreceptor cells, nuclei could employ the same Klar-based pected to affect both velocity and force deleteriously. Consistent with this, we observed a reduction of velocity multimotor complexes that we postulate for lipid droplets. In the second case, Klar may organize individual for droplets in klar embryos to about half that of the wild type. This change is similar to the reduction in dyneins at the apical membrane into efficient multimotor machines, in whose absence too little force is generated the velocity of gliding microtubules moving in vitro in a competition assay using both dynein and kinesin, reto pull nuclei apically. Because these two mechanisms predict different locations of motors and MT ends relaported by Vale and coworkers (Vale et al., 1992) . Moreover, lipid droplets in klar embryos are readily stalled tive to the nucleus (Morris et al., 1995), they may be distinguishable by determining the intracellular location by forces of a magnitude close to the unitary force (Figure 4C ). This suggests that droplets are either (1) proof dynein and the polarity of MTs, for example, with kinesin fusion proteins (Giniger et al., 1993) . pelled by a single motorcomplex or (2) propelled by multiple motors of both polarities, but with a number In summary, the klar and wild-type phenotypes reveal a general, microtubule motor-based system, which regexcess of just one, on average, pulling in any given direction.
ulates switching between different directions of transport. Using the tools introduced here to visualize and Our model, then, is one where Klar ϩ enforces the coordination of same-direction motors and thus avoids a quantitate lipid droplet movement in embryo preparations, it should be possible to eventually dissect many tug-of-war, by switching off the plus end-directed motors when minus end-directed motors are active, and of the physical properties of this general system. Of particular interest will be mechanisms of developmental vice versa. We postulate that the Klar ϩ complex either alternates the presentation of plus end-directed or miregulation and the coordination of multiple motors, issues not readily addressed using simpler in vitro motility nus end-directed motors to the MT, or that it couples several bidirectional motors, such that they switch direcassays. tions synchronously ( Figure 6C ). Regulation of this complex alters the frequency of switching, affecting persis-
Experimental Procedures
tence times and thus determining the direction of net transport. At the same time, the complex also controls tors should be found on droplets. Third, the motor-Klar eyes, in various allele combinations and over a deficiency complex should be subject to regulation that directly (Df(3L)emc E12 ; Garcia-Alonso and Garcia-Bellido, 1988) that removes affects its physical properties.
the klar locus. This suggests that klar 1 is a null allele. All known klar and marb alleles are viable and fertile. To establish how far MTs extended into embryos, we employed line KZ328 (Giniger et al., 1993) , which expresses a kinesin-␤-galactosidase fusion protein in klar Mutations Reveal a General Transport System early embryogenesis.
As photoreceptor cells mature, their nuclei are transported over tens of microns, first in the basal and then in the apical direction (Tomlinson, 1985) , reminiscent Visualizing Kinesin-␤-Galactosidase, Photoreceptor Cell Nuclei, and Lipid Droplets of lipid droplet transport in phase II and III embryos,
The kinesin-␤-galactosidase fusion protein was detected as derespectively. klar mutations disrupt both transport proscribed by Giniger et al. (1993) . Eye imaginal discs were fixed, cesses similarly, impairing the ability to switch from stained for Elav, and sectioned essentially as described by Fischerbasal to apical transport. This parallel suggests the exis- Vize and Mosley (1994) . To label lipid droplets, dechorionated emtence of a general system for bidirectional transport of bryos were fixed for 1 hr in a mixture of PBS, formaldehyde, and organelles, including embryonic lipid droplets, photoreheptane (1:1:2), dried briefly, stained with 0.8 g/ml Nile Red (Sigma) in PBS, counter-stained with Hoechst 33258 (to label nuclei), ceptor nuclei, and possibly other cargoes. At least in mounted in 75% glycerol, and scored by epifluorescence microsthe eye disc, this transport system appears to rely on copy. Nile Red specifically labels lipid droplets in cultured mammadynein, because a dominant mutation in p150
Glued (a sublian cells (Greenspan et al., 1985) ; and in Drosophila embryos, Nile unit of dynactin, the dynein activating complex) causes along MTs by cytoplasmic dynein directly, just as any Electron Microscopy straight average paths throughout the region tracked. To deal with the issue of saltatory movement, parallel records were parsed into Syncytial blastoderm and cellularizing embryos were collected, fixed, stained, embedded for electron microscopy, and sectioned alternating segments of plus or minus end-directed motion, based on "reversal points": those times at which droplets reversed direcas described by Merrill et al. (1988) . For each embryo, we determined the number of lipid droplets along the apical-basal axis, in zones 6 tion, thereafter traveling a minimum of 100 nm in the opposite direction. At any given time, fewer than 5% of droplets were found to be m wide, averaged over at least seven nonoverlapping sections, and from these data calculated the mean distance of droplets from "stalled" (operationally defined as having a mean velocity below 60 nm/s for more than 0.5 s), and such droplets typically remained the surface. To determine the degree of variation, we analyzed two or more embryos of each stage.
stalled for under 2 s. Droplet movement was therefore modeled as a two-state (i.e., binary) system, consisting of purely plus or minus end-directed motion. The distance and duration for each segment Droplet Motion in Intact Embryos were measured, and the average droplet velocity in a segment was and Squash Preparations computed from the ratio. Pooled data from all run segments in a Intact, mechanically dechorionated embryos were placed on Petrigiven direction, derived from a series of tracked droplets, were perm plates, covered with halocarbon oil plus a cover glass, and used to compute mean distances, ϽdϩϾ and ϽdϪϾ, and mean lipid droplet motion was recorded on a time-lapse video recorder persistence times, Ͻt ϩϾ and ϽtϪϾ. Mean velocities, ϽvϩϾ and (AG-6030, Panasonic) using differential interference contrast (DIC)
Ͻv ϪϾ, were computed from weighted averages of speeds for all microscopy on an upright microscope (Axioplan, Zeiss). Tracks of segments, with individual segment weights being assigned based individual droplets that could be readily visualized were traced on on the propagation of errors in time and distance for each segment a video screen and measured; such droplets moved apically at (Bevington, 1969) . speeds from 0.8 to 1.5 m/s (average 0.77 m/s; n ϭ 13) and basally
We computed lateral displacement from the standard deviation at speeds from 0.3 to 0.6 m/s (average 0.45 m/s; n ϭ 16). Freof perpendicular displacement data, derived from lines fit locally to quency and extent of travel diminished during syncytial mitoses, relatively short, representative segments of runs in a single direction with an especially pronounced pause at the end of cycle 13 (Foe (typically, 5 m), rather than to the line fit of an entire droplet track. and Alberts, 1983) .
This procedure was adopted to insure that small amounts of curvaFor higher resolution work, single embryos of well-defined stages ture present in the overall trajectory track did not introduce systemwere chosen: for phase I, embryos came from mitotic cycles 10, atic offsets. The method may underestimate the lateral displacement 11, or 12; for phase II, embryos came from early cycle 14, where when used on short segments, as the mean droplet position may cellularizing membranes had not advanced beyond more than half not accurately reflect the location of the MT axis. the extent of the nuclei; and for phase III, embryos had initiated gastrulation. Dechorionated embryos were placed on a microscope slide and covered with halocarbon oil. A cover glass was placed
Optical Trapping
The optical trap used for this work was produced by an 840 nm, gently on top of this preparation, supported by two spacers on either side, which served as props. On one side, the spacer consisted of single mode diode laser with integral beam circularization optics (200 mW, Melles Griot; Visscher et al., 1996) . Trapping light levels a second cover glass ‫061ف‬ m thick. On the other, it consisted of a single layer of double-sticky tape (3M, Inc.), ‫08ف‬ m thick. After were controlled with a dual-wedge compensating attenuator (925B, Newport). Droplets were trapped within 10 m of the cover glass the thicker spacer was removed, surface tension pulled down on the cover glass, gently squeezing the embryo, such that its yolk surface. Trapping force was calibrated by the escape force method (below; see also Visscher et al., 1996) and varied linearly with droplet was partially extruded and structures that normally extend radially became closely apposed to the cover glass surface. Frequently, size over the range studied ( Figure 4A ). Droplet diameter was found to be distributed in Gaussian fashion (0.46 Ϯ 0.09 m; mean Ϯ regions of such squashed preparations preserved much of the cellular morphology and maintained active areas of saltatory motion of standard deviation, n ϭ 150). This distribution appeared to be the same in all embryos, mutant and wild-type, throughout the developlipid droplets, in planes parallel to the coverslip. Vigorous motion was reproducibly observed for tens of minutes, and in some inmental phases studied. Droplet size was determined by applying small corrections to the apparent image size of droplets seen in stances forces appeared undiminished for periods of up to 2 hr. For kinetic and force analysis, we restricted our measurements to the video using a calibration curve. This curve was constructed by measuring the image sizes of silica beads of known diameters over the first 15-30 min after squashing. During this time, preparations seemed to faithfully recapitulate movements in the intact embryo; range 0.3-1.0 m (index of refraction, nϭ 1.47). The refractive index for silica is comparable to that of lipid droplets (n ϭ 1.48-1.53; in both, motion occurred in the same directions and with similar velocities. Tiffany, 1986; White et al., 1996) .
Force Calibration Video Analysis Droplet motion was visualized by video-enhanced DIC microscopy
The escape force from the optical trap was found for 0.5 m uniform silica beads (gifts of Egon Matijevic) in a variety of sucrose solutions (Axiovert 100, 100X/1.3NA oil immersion objective, 1.4 NA oil condenser, Zeiss; C2400 CCD video camera; Argus-20 image processor, with concentrations ranging from 0%-40% w/v (index of refraction n ϭ 1.33-1.40; Weast, 1986) . Multiple determinations of escape Hamamatsu) and videorecorded (AG-6300, Panasonic). Motion sequences, 10-15 s in duration, were transferred from videotape to an speeds (averaged from video records of trials where the microscope stage was manually accelerated until particles just escaped from optical memory disk recorder (TQ2028-F). The positions of individual droplets were tracked frame by frame using an algorithm that calcuthe trap) were converted to force using the known viscous drag, computed from the bead diameter and solution viscosity (Weast, lates the position of the image centroid by cross-correlation and that is accurate to the subpixel level (Image-1, Universal Imaging; Visscher et al., 1996) . There appeared to be little change in trapping efficiency over this range of refractive indices: the escape see Gelles et al., 1988) . This procedure provides centroid coordinates with a temporal resolution of 33 ms and a spatial resolution force remained nearly constant, to within 10%. Trapping forces are expected to be comparable in vivo, since the refractive index of of ‫5ف‬ nm. The standard deviation in position of a nonmoving droplet stuck to the coverslip was ‫2ف‬ nm.
cytoplasm typically falls in the range of n ϭ 1.37-1.40 (BereiterHahn et al., 1979; Valkenburg and Woldringh, 1984) . Escape forces Centroid-based trajectories of moving particles were decomposed into two separate motions, parallel and perpendicular to the in vivo were therefore calibrated using the viscous drag method in motility buffer (Visscher et al., 1996) , using purified lipid droplets major axis of displacement (Gelles et al., 1988) , using a program incorporating a least squares line fit algorithm, which minimizes the of different known size ( Figure 4A ). To retrieve lipid droplets for calibration, 3-to-5-hr-old embryos were homogenized in phosphatenet perpendicular distance of the experimental data to the fit line (S. M. B., unpublished data). Records of motion in the parallel direcbuffered saline (containing protease inhibitors: 2 g/ml Aprotinin, 0.5 mg/ml AEBSF, 1 g/ml pepstatin A, 1 g/ml leupeptin, 0.5 mg/ tion were used to extract the kinetic data; records of motion in the perpendicular direction were used to estimate the lateral displaceml TAME) and centrifuged at low speed to remove large particles (microfuge, 4K for 10 min). The supernatant was recentrifuged at ment (see below). This procedure assumes that objects moved along
